Abstract. Adipocytes have been demonstrated to promote the progression of various tumors through modulation of cancer cell metabolism. However, their role in lung cancer progression remains undetermined. In the present study, adipocytes and lung adenocarcinoma A549 cells were cultured in a Transwell co-culture system. Cancer cells were additionally cultured in conditioned medium, obtained from adipocytes or co-cultured cells. A MTT and colony formation assay were performed to assess A549 cell proliferation. The expression of epithelial-mesenchymal transition protein markers E-cadherin and vimentin were measured by western blotting. A549 cell migration and invasion was determined with wound healing, Transwell and Matrigel assays. Oil Red-O staining was used to evaluate intracellular lipid content. Colorimetric assays were utilized to detect free fatty acid, glucose uptake, lactate production and triglyceride content in cells. The results revealed a reciprocal interaction between adipocytes and A549 cells, which significantly enhanced A549 cell proliferation and metastasis; whereas, the expression of E-cadherin was decreased and vimentin was increased in A549 cells. Additionally, A549 cells exhibited metabolic reprogramming in vitro following co-culture with adipocytes. It was demonstrated that lipid droplets accumulation, glucose consumption and lactate production increased in tumor cells exposed to adipocytes. Furthermore, adipocytes co-cultured with A549 cells exhibited a decrease in the number and size of lipid droplets, a decrease in the intracellular triglyceride content and a significant increase in the release of free fatty acids. These findings highlighted the crucial role of adipocytes in the modulation of lung adenocarcinoma A549 cell metabolism and suggested the involvement of adipocytes in lung cancer progression.
Introduction
At present, lung cancer is the most common cause of cancer-associated mortality worldwide (1) . Lung adenocarcinoma is most frequently diagnosed, which has a high 5-year relative mortality rate in the range 51-99%, due to the presence of metastasis at the time of diagnosis (2) . Studies of relative risk factors and a deeper understanding of adenocarcinoma pathogenesis are required to improve prevention strategies and targeted treatments.
Recent epidemiological and experimental studies have identified adipose tissue and associated metabolic abnormalities as negative prognostic predictors (3, 4) . Adipocytes represent the primary percentage of cells within adipose tissue (5) . Previous studies suggested that an interaction between adipocytes and certain cancer types, including melanoma, prostate, ovarian and breast cancer, is critical for tumor cell growth and invasion (6) (7) (8) (9) . Adipocytes are a source of adipokines, including leptin, adiponectin and visfatin, in addition to growth, immune, inflammatory and angiogenic factors. Numerous studies have demonstrated that adipocytes are involved in the regulation of systemic energy and metabolic homeostasis (6) (7) (8) 10, 11) . In addition, research has demonstrated that in the presence of cancer cells, which may act as metabolic parasites, adipocytes become highly metabolically active and secrete significant quantities of metabolic substrates, including glycerol and fatty acids. These metabolites are utilized as the macromolecular building blocks to support cancer cell proliferation and provide the energy required for biomass synthesis, migration and invasion (9) .
The Warburg effect describes the high levels of aerobic glycolysis observed in cancer cells. This provides their primary energy source, by incompletely utilizing glucose and switching to upstream intermediates for biosynthesis, providing cancer cells with materials for the synthesis of essential cellular components, including macromolecules (12, 13) . In addition, the Warburg effect is thought to accelerate lactate secretion, thereby acidifying the surrounding extracellular matrix and facilitating angiogenesis and tumor metastasis (14) . Furthermore, previous studies have suggested that lipids may enhance the Warburg effect in certain cancer cells (15, 16) .
The interaction between cancer cells and adipocytes in lung cancer progression remains unclear. Although lung cancer is not considered to be associated with obesity, previous studies have demonstrated that obesity induced by a high-fat diet increases cancer-associated mortality and the likelihood of lung carcinoma in mice (17, 18) . Bone, in which adipocytes may increase due to aging or metabolic disorder, is a common site of metastasis in lung cancer (19) . Other common sites of metastasis in lung cancer include the liver, the central organ of lipid metabolism and catabolism (20) , and the brain, ~60% of which is composed of lipids (21, 22) . The role of adipocytes and their metabolic substrates should be considered in the progression of lung cancer metastasis, according to the seed and soil theory, which was first proposed by Stephen Paget, and suggests that metastatic homing of tumor cells is not a stochastic event; however, is governed by the interaction between metastatically competent cancer cells (the 'seed') and the permissive microenvironment of specific organs (the 'soil') (23) . In the present study, the potential capacity of adipocytes to promote the growth and metastasis of lung adenocarcinoma A549 cells was determined and the mechanisms responsible for the observed effects were investigated. The present study of the association between adipocytes and lung cancer cells may provide insight to the underlying progression mechanism, and a novel target to cure lung cancer.
Materials and methods
Cell lines and reagents. 3T3-L1 pre-adipose and human lung adenocarcinoma A549 cells were obtained from Fudan University (Shanghai, China). Dulbecco's modified Eagle's medium (DMEM) was purchased from Hyclone (GE Healthcare Life Sciences, Logan, UT, USA). Fetal bovine serum (FBS) and newborn calf serum (NBCS) were purchased from Zhejiang Tianhang Biotechnology Co., Ltd. (Huzhou, China); penicillin/streptomycin was purchased from Gibco (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Dexamethasone, 3-isobutyl-1-methylxanthine (IBMX) and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Insulin was purchased from Beijing Solarbio Science & Technology Co., Ltd. (Shanghai, China). Crystal violet, MTT and bovine serum albumin (BSA) were purchased from Amresco, LLC (Solon, OH, USA). The reagents associated with western blot analysis were purchased from Beyotime Institute of Biotechnology (Haimen, China). Polyvinylidene difluoride (PVDF) membranes were purchased from EMD Millipore (Billerica, MA, USA).
Cell cultures and adipocyte differentiation. A549 cells were maintained in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. 3T3-L1 cells were cultured in DMEM supplemented with 10% NBCS and 1% penicillin/streptomycin. Cultures were maintained in a humidified atmosphere of 95% air and 5% CO 2 at 37˚C. 3T3-L1 pre-adipocytes were harvested and allowed to reach 100% confluence. Following 2 days, cell differentiation was induced by the addition of a hormonal mixture composed of 10 µg/ml insulin, 1 µM dexamethasone and 0.5 mM IBMX in DMEM with 10% FBS. Following a further 2 days, the induction medium was replaced by DMEM supplemented with 10% FBS and 10 µg/ml insulin only. The medium was subsequently replaced at 2-day intervals.
Production of conditioned medium (CM). CM was collected from adipocytes cultured alone at 37˚C with serum-free DMEM containing 1% BSA for 24 h (Ad-CM), or obtained from adipocytes previously co-cultured during 48 h with A549 cells in complete medium, cells were subsequently incubated in serum-free DMEM containing 1% BSA at 37˚C for 24 h (Ad-CCM). The CM was subsequently harvested and centrifuged at 550 x g at room temperature (RT) for 5 min to remove cellular debris, and stored at -80˚C until use.
Oil Red-O staining. The differentiated adipocytes, A549 cells, co-cultured adipocytes and co-cultured A549 cells were washed twice with 500 µl PBS and subsequently fixed with 400 µl 4% paraformaldehyde at RT for 30 min. Cells were subsequently removed and washed twice with PBS, prior to the addition of 400 µl Oil Red-O staining solution to each well for 30 min at RT. Following washing with 60% isopropyl alcohol, cells were observed under a light microscope (Olympus Corporation, Tokyo, Japan; magnification, x100 and x400).
Indirect co-culture. Adipocytes were indirectly co-cultured with A549 cells using a Transwell culture system (pore size, 0.4 µm; Corning Incorporated, Corning, NY, USA), which were maintained in DMEM with 10% FBS at 37˚C. To assess adipocyte biology, the pre-adipocytes were seeded at 1x10 5 /ml in the bottom, and maintained until the confluency reached 100% and differentiation occurred. The adipocytes were obtained 8 days following differentiation. The intact adipocytes were co-cultured with the A549 cells, which were seeded in the upper chamber at 1x10 5 cells/ml. The time of co-culture was 0, 3, 6 and 9 days, respectively. Conversely, for experiments assessing cancer cell biology, adipocytes were grown in the upper chamber, with A549 cells in the bottom. Adipocytes or cancer cells cultured alone served as controls.
Cell proliferation assay. The proliferative ability of A549 cells was measured by an MTT assay. A549 cells were seeded in 96-well plates at 2x10 3 cells/well, allowed to adhere (0 h) and subsequently cultured in the presence of Ad-CM, Ad-CCM, or DMEM with 10% FBS at 37˚C for 24, 48 or 72 h. MTT (20 µl; 5 mg/ml) was added to each well and incubated at 37˚C for 4 h. The medium was aspirated and cells were treated with 150 µl DMSO at RT for 10 min. Following this, absorbance was measured with a microplate reader (SpectraMax 190; Molecular Devices, LLC, Sunnyvale, CA, USA) at 490 nm.
Colony formation assay. For colony formation assays, A549 cells were plated into 6-well plates (1x10 3 cells/well), maintained in DMEM with 10% FBS and allowed to adhere for 24 h. Culture medium was subsequently altered to 10% FBS in DMEM, Ad-CM or Ad-CCM and the plate was incubated in a 5% CO 2 incubator at 37˚C. Subsequently, the culture medium was replaced every 4 days at 50%. Following 18 days, cells were washed twice with PBS and fixed with 4% paraformaldehyde at RT for 20 min. Colonies were stained with 0.1% crystal violet at RT for 15 min. Colonies were counted under a light microscope (Olympus Corporation; magnification, x100).
Western blot analysis. Following treatment, the A549 cells were harvested and lysed using lysis buffer (Beyotime Institute of Biotechnology) for 30 min on ice. The total proteins were isolated by centrifuging at 12,000 x g for 10 min at 4˚C and quantified using a bicinchoninic acid protein assay kit (Beyotime Institute of Biotechnology). A total of 30 µg total protein was separated on 10% SDS-PAGE and transferred to PVDF membranes. The membranes were subsequently blocked in 5% non-fat milk at RT for 2 h. Following washing with Tris-buffered saline with 0.05% Tween-20 (TBST), the membranes were incubated with the corresponding primary antibodies, including Rabbit anti-E-cadherin (1:10,000; cat. no. ab40772), anti-Vimentin (1:1,000; cat. no. ab92547) and anti-β-catenin (1:5,000; cat. no. ab32572; all Abcam, Cambridge, UK) at 4˚C overnight. Subsequently, the membranes were probed with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies, goat anti-rabbit immunoglobulin G heavy and light HRP (1:2,500; cat. no. ZB2301; OriGene Technologies, Inc., Rockville, MD, USA) for 2 h at room temperature. Following washing in TBST, the immunoreactive proteins were visualized using an enhanced chemiluminescent kit (Pierce; Thermo Fisher Scientific, Inc.).
Wound closure assay. A wound closure assay was conducted to assess the migration of A549 cells. When cell confluence reached 80%, a wound was made in the center of the cell monolayer using a 10 µl sterile pipette tip. Following co-culture, cell migration was observed using a light microscope (Olympus Corporation; magnification, x100). Images were captured at 0 and 24 h following when the wound was made and the ImageJ version 1.44p software (National Institutes of Health, Bethesda, MD, USA) was used to quantify the wound width (µm). The wound-healing rate was calculated as follows: (width at 0 h -width following 24 h)/width at 0 h x100.
Transwell migration and invasion assay.
To detect cell migration, Transwell chambers (Corning Incorporated) with a polycarbonate membrane (24 wells; pore size, 8 µm) were used. A549 cells were cultured in DMEM, Ad-CM or Ad-CCM with 10% FBS for 48 h at 37˚C, trypsinized and resuspended in serum-free DMEM at a density of 1x10 5 cells/ml. Cell suspension (200 µl) was added to the upper chamber and DMEM supplemented with 10% FBS (600 µl) was added to the lower chamber as a chemoattractant. A549 cells cultured alone in similar conditions served as a control. To detect cell invasion, filters were coated with 50 µg/ml Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) solution. Matrigel was not used for cell migration assays. Following 24 h, cells were washed twice with PBS, fixed in 4% paraformaldehyde at RT for 30 min, and stained with 0.1% crystal violet for 30 min at RT. The number of migrated or invaded cells were counted under a microscope (Olympus Corporation; magnification, x200). Means were obtained from five randomly selected fields in each well.
Free fatty acid and triglyceride (TG) detection. To detect the free fatty acid levels in each media, CM was obtained from adipocytes cultured alone or indirectly co-cultured with A549 cells at 37˚C and subsequently analyzed using a non-esterified fatty acid quantification kit (cat. no. A042-1; Nanjing Jiancheng Bioengineering Institute, Nanjing, China) under a microplate reader (SpectraMax 190; Molecular Devices, LLC) at 440 nm, according to the manufacturer's protocol. To detect intracellular TGs, following indirect co-culture, adipocytes or A549 cells were centrifuged at 550 x g for 10 min at RT, and sonicated at 300 W, 5 sec/beat, 30 sec of interval, 3-5 repeats in an ice bath. The intracellular TG content was determined using a glycerol-3-phosphate oxidase/phenol + aminophenazone enzymatic kit (cat. no. A110-1; Nanjing Jiancheng Bioengineering Institute), according to the manufacturer's protocol. The TG and FFA content were determined at 510 and 440 nm, respectively, under a microplate reader (SpectraMax 190; Molecular Devices, LLC).
Detection of glucose consumption and lactate production.
For the detection of glucose and lactate concentrations, 1x10 5 A549 cells/ml were seeded in 6-well plates and cultured in DMEM with 10% FBS at 37˚C. When cells had reached 60-70% confluence, the culture medium was subsequently altered to 10% FBS in DMEM, Ad-CM or Ad-CCM and the plate was incubated in a 5% CO 2 incubator at 37˚C. Following 24 h, the culture supernatant was collected for the detection of glucose and lactate. Glucose (cat. no. F006) and lactate (cat. no. A019-2) concentrations were determined using corresponding kits (Nanjing Jiancheng Bioengineering Institute) and a microplate reader (SpectraMax 190; Molecular Devices, LLC) at 505 nm and 530 nm, respectively, according to the respective manufacturer's protocol. The number of cells in each well was simultaneously counted using the blood cell counting chamber. Glucose consumption and lactate production were normalized to cell number.
Statistical analysis. All experimental data are presented as the mean ± standard error of the mean from at least three independent experiments. Statistical analysis of the data was performed using GraphPad Prism 7.0 (GraphPad Software, Inc., La Jolla, CA, USA). Student's t-test was used for comparisons between two groups, while multiple groups were compared using one-way analysis of variance followed by Tukey's post-hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results

Effect of adipocytes on the proliferation and colony formation of lung adenocarcinoma A549 cells.
In the present study, a 3T3-L1 pre-adipose cell line was used to generate mature adipocytes, according to a standard differentiation protocol (24) . Following induction and differentiation, a large number of lipid droplets had accumulated and were clearly visible in the cytoplasm of adipocytes when stained with Oil Red-O (Fig. 1A) . To assess the potential role of adipocytes in A549 cell growth, MTT and colony formation assays were conducted to examine alterations in A549 cell proliferation. A549 cells were grown in the presence of CM obtained from adipocytes cultured alone (Ad-CM; Fig. 1B) , or CM obtained from adipocytes previously co-cultured with A549 cells (Ad-CCM; Fig. 1C ). The proliferation rate of A549 cells cultured in Ad-CM was not significantly different from that of A549 cells grown in normal medium ( Fig. 1D and E) . Notably, as presented in Fig. 1D , Ad-CCM induced a time-dependent increase in A549 cell proliferation. Proliferation was significantly increased compared with cancer cells induced by control medium (P<0.01) and Ad-CM (P<0.05). In addition, there was a 1.47-fold and 1.38-fold increase in colony formation in lung adenocarcinoma A549 cells cultured in Ad-CCM, compared with cancer cells cultured in control medium and Ad-CM, respectively ( Fig. 1E; P<0 .05). These results suggested that crosstalk between these two cell populations may serve an important role in the proliferation of lung adenocarcinoma A549 cells.
Effects of adipocytes on the EMT, migration and invasion of lung adenocarcinoma A549 cells.
To assess the influence of adipocytes on cancer cell metastasis, A549 cells were incubated with CM as described above. The results indicated that following induction with Ad-CCM for 48 h, the expression level of epithelial cell protein marker E-cadherin was decreased and the mesenchymal protein marker vimentin was increased in A549 cells (Fig. 2A) . Furthermore, compared with the control group, a ~1.7-fold increase in the wound-closure rate of A549 cells was observed in the presence of Ad-CCM ( Fig. 2B and C; P<0.05). Similarly, Ad-CCM promoted cancer cell migration studied as compared with the control, as evidenced by the increased numbers of migrated cells in the Transwell migration assay ( Fig. 2D and E; P<0.001 ). In the invasion assay, a 1.86-fold increase in the number of invaded A549 cells was observed in the Ad-CCM cultured with cancer cells, compared with cells grown in control medium ( Fig. 2F and G; P<0.001) . Nevertheless, A549 cell metastasis was not significantly increased when grown in the presence of Ad-CM (Fig. 2) . Collectively, these observations clearly demonstrated that the metastatic phenotype of lung adenocarcinoma A549 cells was enhanced following a reciprocal interaction between adipose and cancer cells.
Co-cultured adipocytes exhibit a lipolysis phenotype in vitro.
Cancer cell proliferation and metastasis are energy-intensive processes (25) , and the results of the present study indicated that Ad-CCM conferred a proliferative advantage on lung adenocarcinoma A549 cells and enhanced its invasive phenotype. As adipocytes store energy in the form of triglycerides (25) , it was hypothesized that this may be the result of energy-dense lipid or metabolic substrate transfer from adipocytes to A549 cells to promote migration and invasion. Therefore, to determine the effect of lung cancer cells on adipocytes, adipocyte metabolism was assessed in a Transwell culture system. As presented in Fig. 3A , mature adipocytes were indirectly co-cultured with lung cancer cells for a prolonged period. As presented in Fig. 3A , the adipocytes exhibited a marked reduction in the number and size of lipid droplets. Additionally, a significant reduction in adipocyte TG content was observed following co-culture with lung cancer cells ( Fig. 3B; P<0.05 ). In addition, in the presence of lung cancer cells, adipocytes released significantly more free fatty acids, compared with adipocytes cultured alone ( Fig. 3C; P<0.001) . Taken together, 
Co-cultured lung cancer cells exhibit metabolic reprogramming in vitro.
Based on the evidence presented above, cancer cells appeared to have induced lipolysis in adipocytes. Thus, to determine the metabolic interaction between adipocytes and lung cancer cells, the metabolic alterations in lung cancer cells in the presence of adipocytes were studied. The results of the Oil Red-O staining pointed to an increased accumulation of lipid droplets in A549 cells following co-culture with adipocytes, suggesting that adipocytes promoted lipid accumulation in lung cancer cells (Fig. 4A) . Similarly, compared with cancer cells that were cultured alone, the TG content of A549 cells increased by approximately 1.6-fold in cells previously co-cultured with adipocytes for 2 days (Fig. 4B; P<0.05) . Furthermore, a significant increase in glucose uptake and lactate production was observed in A549 cells grown in the presence of Ad-CCM for 24 h, compared with cells cultured in control medium. By contrast, Ad-CM had no effects on the metabolic activity of A549 cells, compared with the control medium cells (Fig. 4C and D) . These findings suggested that adipocytes may have altered energy metabolism in lung cancer cells, particularly through glycolysis.
Discussion
Although a number of potential mechanisms linking adipocytes and cancer have been proposed (26) , no conclusive evidence currently exists with regards to the roles of adipocytes and associated metabolic substrates in lung cancer progression. In the present study, the effects of adipocytes on lung adenocarcinoma A549 cells were evaluated using a combination of CM and co-culture approaches. It was demonstrated that following adipocyte interaction, A549 cell proliferation, migration, invasion and intermediary metabolism was significantly altered.
Previous studies have demonstrated that cancer cell proliferation, migration and invasion are altered when they are indirectly co-cultured with adipocytes or exposed to adipocyte CM (6) (7) (8) 11) . Similar effects are observed in xenograft models (27) and 3D cultures (28) . However, to the best of our knowledge, no studies have investigated the potential role of adipocytes in lung cancer progression. In the present study, differentiated 3T3-L1 pre-adipocytes were utilized to investigate the crosstalk between adipocytes and A549 lung adenocarcinoma cells. The results demonstrated that the biological behavior of A549 cells cultured in Ad-CM was not notably altered. By contrast, A549 cell metastasis and growth was significantly promoted by Ad-CCM. These findings suggested that crosstalk between adipocytes and cancer cells enhanced the progression of lung cancer. The 3T3-L1 pre-adipocytes used in the present investigation were derived from mouse embryos, not from adult fat tissue. This is due to the limitations of the experimental conditions; at present, it is technically difficult to obtain bone marrow adipocytes and other associated specimens from humans for experimentation. In addition, the functions of adipocytes differ depending on the type of tissue (29) . Thus, future research utilizing human omental, subcutaneous and bone marrow adipocytes is required to confirm whether crosstalk exists between adipocytes and lung cancer cells.
Cancer cell proliferation and metastasis are energy-intensive processes and adipocytes store energy in the form of TGs (25) . Thus, it was hypothesized that adipocytes provided energy-dense lipids or metabolic substrates for lung adenocarcinoma cells, thereby promoting lung cancer progression. Previous research has demonstrated that when cancer cells invade surrounding adipose tissue, adipocytes exhibit morphological and functional modifications due to enhanced lipolytic activity (5) . These modifications include size reduction, increased secretion of certain inflammatory and growth factors, including tumor necrosis factor α, interleukin (IL)-6, IL-8 and insulin-like growth factor-1, and decreases in adipocyte-differentiation markers in various types of tumors growing in adipose tissue-dominated microenvironments, including melanoma, gastric, breast, colon, prostate and ovarian cancer (5) . In the present study, it was clearly demonstrated that adipocytes co-cultured with A549 cells exhibited a dramatic reduction in the number of lipid droplets and a significant increase in the release of free fatty acids, compared with adipocytes cultured alone. In addition, cytoplasmic lipid droplets accumulated in cancer cells. The latter was consistent with cancer cells acting as metabolic parasites, as demonstrated in a previous study (30) . Further research is required to determine whether lipids detected in cancer cells following co-culture are derived from adipocytes or de novo lipogenesis.
Increased glucose uptake and lactate production are characteristics of the Warburg effect, which is the fastest way for cancer cells to produce adenosine 5'-triphosphate via glycolysis (31), allowing them to efficiently gain metabolic autonomy in the tumor microenvironment (31) . The resulting production of lactate by highly glycolytic cells is known to enhance the growth of invasive cancer cells (32) . In addition, lactate may serve as an alternative carbon source for the surrounding oxygenated cells (32) . Previous research has demonstrated that bone marrow adipocytes promote the expression of glycolytic enzymes, increase lactate production and decrease mitochondrial oxidative phosphorylation (15) . The present study additionally demonstrated that adipocytes were capable of altering the Warburg phenotype in A549 cells through paracrine signaling: A549 cells cultured in Ad-CCM consumed more glucose and produced more lactate, compared with A549 cells cultured in Ad-CM or normal medium. A previous report indicated that the interaction between adipocytes and cancer cells ultimately affects cancer cell metabolism, allowing for adaptive survival in the metastatic niche (33) .
Previous literature and the findings of the present study highlight the potential for characterization of adipocyte-cancer cell interactions, to provide a better understanding of lung cancer progression, and to identify avenues for the development of novel therapeutic strategies.
